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Terrain reasoning for human locomotion
Abstract
We describe a real-time model of terrain traversal by simulated human agents. Agent navigations includes a
variety of simulated sensors, terrain reasoning with behavioral constraints, and detailed simulation of a variety
of locomotion techniques. The path through the terrain is incrementally computed by a behavioral reasoning
system configuring a behavioral feedback network. A number of sensors acquire information on object range,
passageways, obstacles, terrain type, exposure to hostile agents, and so on. The behavioral reasoner weighs this
information along with collision avoidance, cost, danger minimization, locomotion types, and other behaviors
available to the agent and incrementally attempts to reach a goal location. Since the system is reactive, it can
respond to moving obstacles, changing terrain, or unexpected events due to hostile agents or the effects of
limited perception. A motor-level component provides general locomotion, including curved path walking
and running that work in real-time with human figures.
Comments
Copyright 1994 IEEE. Reprinted from Proceedings of Computer Animation '94, May 1994, pages 76-82.
Publisher URL: http://dx.doi.org/10.1109/CA.1994.324004
This material is posted here with permission of the IEEE. Such permission of the IEEE does not in any way
imply IEEE endorsement of any of the University of Pennsylvania's products or services. Internal or personal
use of this material is permitted. However, permission to reprint/republish this material for advertising or
promotional purposes or for creating new collective works for resale or redistribution must be obtained from
the IEEE by writing to pubs-permissions@ieee.org. By choosing to view this document, you agree to all
provisions of the copyright laws protecting it.
This conference paper is available at ScholarlyCommons: http://repository.upenn.edu/hms/53
 	


	 	
"!#%$& (')*

+,.-/-/0214357698;:<>=@?A0B6DCFEHGBIJ69CFKMLNC=OP6DQSR/CFET+	6.:KB6DR9=B,UEVTWACF-*XM,UETY3+,ZV[Q\69-
] 6DE@R/69-(^_CF-?A`X2,UEMabC@V[69Q\8\EHGc,UEVedB8\Xc`Q;,.R/8SCFE
f%E8\gB6D-hIJ8SRJ0iCU^kjl6DEEIm0[QSgF,.E8;,
jn<H8\Q;,ZV[6DQSo<8;,@=jqpsr9t[r9uUvFwyxFzZ{Ft
|~})@D
N*JmS~y;4*mk4Jmm
*JAkD h7¡9Dch¢£JD\¤¥¦¢£JDlZ£*§¢£hS£~D
J¨.%%JS;m	D h7*mD*£©>Jmy£yh*D
ª¢#«§S¡c¡./SlD;y£D\y©Z¬£ 4m	D h
;S­;%h£mS /y£®h\~_¡D.S¯J.m¤M°[¡ª(±./\¡
\¡9¢*¡b\¡ª4_Jmy£T§cZJyJ®JD_²&±Z_ybJT
¡ª/S£y&y/*£.D¢~m/J³y£m´¢DmD¢¬y¡ª£*\y£
*µ%Z;«qµ¤>¥¶.D®Jk;*JD*¯mDm*
/;SM£T·*	yª¢£©l±./*/¢m«q£/©®m¸©_m
±.©¦¹y±./mDy(_A¡./ 	/¢mD\©ºZJN£.¤i°[¡.
¡ª/S£yUy/*Fm>«qJ¸¢/¡)S¡D¸>m*£m®h\%¸D¢«§S¡
¨¸mS£\Fy©®/\©®£D¢mN	.	¸»*/;Sª©º //
/;S¼±.©cZ½hS¡.mM¡./S2 J 2_S¡.
h¢£JDkZ4ZmmJD£¨hS_m&±.\_y¡c¾¢£/) h
/;S£.¤À¿ZZ¾S¡.Nm/J¸y;©	¸7£My;±ª£Z
_/D¢~y_J ©n¡ª£D¢hD¢i_Jmy£D©ºADZ¹±.y_y
JhJD\¾£ª¾_¡ª/; /¢mD\i7S¡.iÁl\¾²	¸
±.m;±US£.¤>¥½®h£_ JmB&±ª£Zmª±Zy£*\l¢mZJy£
¸*/;S£D©@ZJ¨.D¢ºmDm±ªhS¡«q£ÂµD¢ºFmD..ª¢
\¡ªhÃ«q£µky;&«¸\¡%¡D9(´¢hDm¤
Ä Å9ÆÇ.È.É>ÊlË&ÌFÇªÍÎÉÆ
Ï)ÐÑ.Ò_ÓÔDÕmÖ	×_ØUÕÙSÐÚ Ú¸ÐÛ>Ó¸Ñ.ÜAÒyÝÕmÑFÞÖ_Ó¸ÐFßià&ÑÞ£ÜÕmÑD×	áZÕmÜÓ¸Ñ.Ò
Û>Ó¸×_Ø4ÞÑiÞ£Ö_á.Ó¸×_ÖÞÖÎâãFÐÒÎÓ¸×_Ó¸ÐÑiÞ£ÑZÔNÐÖ_Ó¸ÕmÑD×yÞ£×_Ó¸ÐÑNÓ¸ÑiÞÑÐä.×å
ÔDÐDÐÖHÕJÑ9æDÓ¸Ö_ÐÑ.ç%ÕJÑ9×/ßFè>Ø.ÕmÖ_Õ>Ó¸ÒÞ>ÜÐ9Þ£ÚÚ¸Ð.ÝmÞ×ÎÓ ÐÑ@ßBè>Ø.Õ>ÞÜÕmÑD×
çAÐæÕmÒ[×_ÐÛ>ÞÖyÔ(×_ØUÕ>ÜÐ9Þ£Ú.Þ/æÐÓÔDÓ¸Ñ.Ü>Ðá.Ò_×ÞÝÚ¸ÕmÒ/é9ÔªäZÝÎê9Ó¸Ñ.Üä.Ñªå
ÔDÕJÖlÚ¸ÐÛTáUÖyÞÑFÝ_ØUÕmÒ*éBÝÚ¸Ó¸çá.Ó¸Ñ.ÜÐæÕmÖ>ÐáëÕ/Ý×_Ò/é@Þ/æÐÓ§ÔªÓ ÑUÜkÔDÓ²Ùå
ìíÝä.Ú¸×%×_ÕJÖ_ÖyÞ£Ó¸ÑTÛ>Ø.ÕJÖ_Õ4ÙSÕ*Þ£Ò_Ó¸á.Ú¸ÕélÞ£ÑZÔ­ÒîäUÕmÕmïmÓ¸Ñ.Ü­×_ØUÖ_ÐäUÜØ
×ÎÓ ÜØD×ºÒÎãZÞÝÕmÒkÛ>ØUÕmÖ_ÕÑ.Õ/ÝÕmÒ_ÒÞÖÎâ9ßAð;Ñ~Ò_Ðç%ÕÒÎÓ ×ÎäZÞ×ÎÓ¸ÐÑ.Ò×ÎØ.Õ
Þ£ÜÕmÑD××ÎÖ_Ó¸ÕmÒ	×_ÐiÞ/æÐÓÔ×ÎØ.Õ%ÒÎÕmÑ.ÒÎÐÖ_â4ìFÕmÚÔ4ÐÙlÐÑUÕÐÖçAÐÖ_Õ
Ø.ÐÒ_×ÎÓ Ú¸ÕÞÜÕmÑD×_Òñ\Ø.ÐÒÎ×_Ó¸Ú¸ÕmÒyòJß
ó&ä.ÖÞÓ¸çôÓ¸ÒlÑ.Ð×>×_ÐA×_ÕmÚ¸Ú@×ÎØ.ÕkÞ£ÜÕmÑD×lØUÐÛT×ÎÐ%ÞÝÎØ.Ó¸ÕmæÕ(Ó ×ÎÒ
ÜÐ9ÞÚ;ßBð;ÑUÒ_×_Õ/ÞÔBéDÛ)Õ>çÞ£êÕ)×_Ø.ÕlÞ£ÜÕmÑD×qÞ/Û>ÞÖÎÕ>ÐÙBÓ ×ÎÒÕmÑDæDÓ¸Ö_ÐÑªå
çAÕmÑD×qÞÑZÔAÞÒÎÒ_Ð.ÝÓÞ×ÎÕºÞ(Ò_Õm×>Ð£ÙHÞÝ×ÎÓ ÐÑ.Ò)Û>Ó ×ÎØÔDÓ²õBÕmÖ_ÕJÑ9×)ãFÕmÖ;å
ÝÕJã.×_Ó¸ÐÑUÒ*ßà&ÑÓ¸ÑD×_ÕmÖÞÝ×ÎÓ ÐÑNÚ ÐDÐã%Ó¸ÒlÝÖ_Õ/Þ×_Õ/ÔÓ¸ÑDæÐÚ æDÓ¸Ñ.Ü×ÎØ.Õ
Þ£ÜÕmÑD×Þ£ÑZÔ­×ÎØ.ÕiÕJÑ9æDÓ¸Ö_ÐÑ.ç%ÕJÑ9×Û>ØUÓ§ÝÎØTÝÐÑDæÕmÖÎÜÕmÒ×_ÐÛ>ÞÖyÔ
×ÎØ.ÕlÜÐ9ÞÚ;ß[è>ØZÞ×)Ó¸Ò*é×_Ø.ÕÞÜÕmÑD×qÒÎäZÝmÝÕmÒÎÒ;ÙSäUÚ Ú¸âAÑZÞ/æDÓ ÜDÞ×ÎÕmÒq×ÎØ.Õ
×ÎÕmÖ_ÖÞÓ¸ÑÞÑZÔNÞÖÎÖ_Ó¸æÕJÒlÞ×>×_ØUÕºÜÐ9Þ£ÚBÚ Ð.ÝmÞ£×_Ó¸ÐÑ[ß
öDÓ¸çä.ÚÞ£×_Õ*ÔÒÎÕmÑ.ÒÎÐÖ_Ò>ÞÖÎÕ>ä.Ò_Õ/Ô×_ÐÔDÕJ×_Õ*Ý×>ÕJÑ9æDÓ¸Ö_ÐÑ.ç%ÕJÑ9×ÞÚ
ÙSÕ/Þ×_äUÖ_ÕmÒ>ÒÎäZÝÎØÞÒ)×_ÕJÖ_ÖyÞ£Ó¸Ñ%×;âDãZÕé.ÞÑZÔ	Ðá.Ò_×ÞÝÚ¸ÕºÞ£ÑZÔ	Ø.ÐÒ_×_Ó¸Ú¸Õ
Ú¸Ð.ÝmÞ×ÎÓ¸ÐÑ.Ò/ß@è>Ø.ÕÝÐçáUÓ ÑUÕ*Ô	Ò_ÕmÑUÒ_ÐÖÎâ%Ó¸Ñ.ã.äU×qÓ¸Ò>ÞÑZÞ£Ú âDïmÕ/Ô	á9â
×ÎØ.ÕáFÕmØZÞ/æDÓ¸ÐÖyÞ£ÚÙSÕJÕ*ÔDáZÞÝ_êÑ.ÕJ×;ÛqÐÖ_êÔDÕmÒÝÖ_Ó¸áFÕ*Ô	Ó¸ÑnöªÕ*Ý×_Ó¸ÐÑk÷
Þ£ÑZÔiÞNÔDÕ/ÝÓ¸Ò_Ó¸ÐÑ4Ó¸ÒºçNÞÔDÕ	ÞÒ×_ÐNÛ>Ø.ÕmÖÎÕ%×ÎØ.Õ®Þ£ÜÕmÑD×Ò_ØUÐä.ÚÔ
çAÐæÕßBè>ØUÓ ÒlÔªÕ*ÝÓ¸Ò_Ó¸ÐÑNÓ¸Ò)çÞÔªÕ>Ó ÑFÝÖ_ÕmçAÕmÑD×yÞ£Ú Ú¸âDé9ÞhÙS×_ÕJÖ>Õ*ÞÝÎØ
ÒÎ×_Õmã4×_Ø.ÕÞÜÕmÑD××yÞêÕmÒ*éFÒÎÐ×ÎØZÞ×Þ%ÔDâDÑZÞ£ç%ÓÝmÞ£Ú Ú¸â%ÝÎØZÞ£Ñ.ÜÓ¸Ñ.Ü
ÕmÑDæDÓ¸Ö_ÐÑ.ç%ÕmÑD×>ÝmÞÑáZÕÒÎä.ã.ãFÐÖÎ×_Õ*ÔBßøUÐÖ>ÕùZÞçAã.Ú¸ÕúÝÎØZÞÒÎç%Ò
çNÞ/âkÐãZÕmÑä.ã@éD×_ÖÎÕmÕmÒçÞ/â(ÙÞ£Ú ÚBÔDÐÛ>Ñ@éUã.Ó¸×_Ò>ÐÖlÝÖyÞ£×_ÕmÖÎÒnÞ£ãDå
ãFÕ*ÞÖ/é.ÐÖ>×_Ø.ÕÜÐDÞÚBçNÞ/â®ÝÎØZÞ£Ñ.ÜÕß
ó&ÑZÝÕ¬×_Ø.ÕcÔªÕ*ÝÓ¸Ò_Ó¸ÐÑeÓ¸ÒçNÞÔDÕ4Û>Ø.ÕmÖÎÕc×ÎÐMç%ÐæÕÑ.Õù.×*é
Ð×_Ø.ÕmÖNÒÎÕmÑ.Ò_ÐÖ_ÒiÞ£Ö_ÕäUÒ_Õ*Ô×_Ð¬ÕùZÞç%Ó¸Ñ.ÕN×ÎØ.ÕiÚ¸Ð.ÝmÞ£Úº×ÎÕmÖ_ÖÞÓ¸Ñ
çAÐÖ_Õ~ÝÚ¸ÐÒÎÕmÚ¸âeñöªÕ*Ý×_Ó¸ÐÑüûòJßýè>Ø.ÕmÒÎÕ­Ò_ÕmÑ.ÒÎÐÖÎÒ#ÔDÕJ×_ÕmÖÎç%Ó¸Ñ.Õ
Û>Ø.ÕJ×_Ø.ÕmÖÐÖ@Ñ.Ð×@áFÕmØZÞ/æDÓ¸ÐÖyÞ£ÚçAÐªÔªÓ¨ìBÝmÞ×ÎÓ ÐÑ.ÒFçä.Ò_×BáFÕqçNÞÔDÕ
Þ£ÑZÔBéDÓ²ÙHÒÎÐZé.Û>ØFÞ×>×_ØUÕºÒÎãZÕ/ÝÓ²ìíÝÒÐÙ×_Ø.ÕçAÐ.ÔDÓ²ìíÝmÞ×ÎÓ¸ÐÑ.ÒqÞ£Ö_Õß
è>Ø.ÕÞ£ÜÕmÑD×>çÞ/â	ØZÞ/æÕº×ÎÐ®ÝÖyÞ/Û>Ú;é.ÝÖ_ÐäZÝÎØ@éFÐÖ)Ò_×ÎÕmãÐæÕJÖlÞÑ
Ðá.Ò_×ÞÝÚ¸Õß
è>Ø.Õ)áFÕmØZÞ/æDÓ¸ÐÖyÞ£ÚÑ.ÕJ×qÝÐÑUÒ_ÓÔDÕmÖÎÒHÓ¸Ñ.ãUä.×[ÙSÖ_ÐçPÞÚ¸Ú×ÎØ.ÕqÒÎÕmÑDå
ÒÎÐÖ_Ò/ßð;×>ÔDÕ*ÝÓÔDÕJÒºÛ>ØUÕmÖ_Õ×ÎÐkçAÐæÕ>×ÎØ.ÕkÞÜÕmÑD×*é.Þ£ÑZÔA×_Ø.ÕÞãªå
ã.ÖÎÐã.ÖÎÓÞ×_Õ)Ú¸Ð.ÝÐçAÐ×_Ó¸ÐÑºáFÕmØZÞ/æDÓ¸ÐÖ/é9ÔªÕmÒyÝÖÎÓ¸áZÕ*Ô7Ó¸Ñ®öDÕ/Ý×_Ó¸ÐÑþFé
Ó¸Ò>Ó¸ÑDæÐêÕ*ÔBß
ÿ  lÍ_ÉÈ	
iÉÆÇªÈUÉ

 äFÝ_ØÐÙq×ÎØ.ÕkãUÚ§Þ£Ñ.Ñ.Ó¸Ñ.ÜÑ.Õ/ÝÕmÒ_ÒÞÖÎâ4ÙSÐÖ&×_ÕmÖÎÖyÞÓ¸Ñ4×_ÖÞ/æÕmÖå
ÒÞÚºÝJÞÑ­áZÕç%Ð.ÔDÕmÚ¸Õ*Ô ä.Ò_Ó¸Ñ.Ü J®J;¢JD7¡ª£*S£ é>Û>Ø.ÕmÖÎÕ
ÝÐç%ã.Ú¸ÕùÐá.Ò_ÕmÖÎæÕ*Ô áZÕJØZÞ/æDÓ ÐÖÐÙ>×_Ø.Õ%Þ£ÜÕmÑD×Ó¸Ò×_Ø.ÕÖÎÕmÒ_äUÚ ×
Ð£ÙZÒ_ÕmæÕmÖyÞ£Ú.Ó¸ÑZÔDÕmãFÕmÑZÔªÕmÑD×_Ú¸âç%Ð.ÔDÕJÚ Õ/ÔáZÕJØZÞ/æDÓ ÐÖ_ÒÛ>Ó¸×_Ø.Ó¸Ñ×_ØUÕ
Þ£ÜÕmÑD×Ó¸ÑD×_ÕmÖÞÝ×ÎÓ¸Ñ.ÜNÛ>Ó ×ÎØ~×_Ø.ÕÕJÑ9æDÓ¸Ö_ÐÑ.ç%ÕJÑ9×Þ£ÑZÔ~ÝÐçAãZÕJ×;å
Ó¸Ñ.ÜAÛ>Ó ×ÎØÐÑUÕ®Þ£Ñ.Ð×ÎØ.ÕmÖ&ÙSÐÖÝÐÑD×ÎÖ_ÐÚÐÙq×ÎØ.Õ®Þ£ÜÕmÑD×/ßàlÜÕmÑD×
ÝÐÑD×_Ö_ÐÚZÖÎÕmÚ¸âDÓ ÑUÜÐÑAÕmç%ÕmÖÎÜÕmÑD×áFÕmØZÞ/æDÓ¸ÐÖ)ØZÞ£ÒqØZÞÔ	×_ÖÎÕmç%ÕmÑªå
ÔDÐä.ÒÒÎäZÝmÝÕmÒÎÒ>Ó¸ÑÖ_ÐáFÐ×ÎÓÝÒqÞÑFÔÞÖ_×ÎÓ²ìíÝÓÞÚ.Ó¸ÑD×_ÕJÚ Ú¸Ó¸ÜÕJÑZÝÕñSà&ð_ò
áFÕ*ÝmÞ£ä.Ò_Õ~Ó¸×ÝJÞÑeÞÝmÝÐç%ã.Ú¸Ó¸Ò_Ø­ÕmÒÎÒ_ÕmÑD×ÎÓ§Þ£Ú;éÚ ÐÛ)å;Ú¸ÕmæÕJÚºÞÜÕmÑD×
áFÕmØZÞ/æDÓ¸ÐÖ&Ó ÑÝÐç%ã.Ú¸Õù@éFÔDâDÑZÞçAÓ§Ý¦ÕmÑDæDÓ ÖÎÐÑ.çAÕmÑD×_Ò&Ö_ÐáUä.Ò_×ÎÚ â
Þ£ÑZÔNÓ¸ÑiÖÎÕ*ÞÚ×_Ó¸ç%ÕßMØ.ÕJÑiä.ÒÎÕ*Ô4ÐÑÚ ÐÛ)å;Ú¸ÕmæÕJÚH×ÞÒÎê9ÒÒÎäZÝÎØ
Þ£ÒkÑZÞ/æDÓ¸Ü9Þ£×_Ó¸ÐÑ[é@ÒÎÕmÑ.Ò_ÐÖã.Ö_Ð.ÝÕJÒ_Ò_Ó¸Ñ.ÜFé>ÞÑZÔ ç%Ð×ÎÐÖkÝÐÑD×_ÖÎÐÚ;é
×ÎØ.Õ×_ÖÞÔDÓ¸×ÎÓ ÐÑZÞÚFÒ_âDçáFÐÚ¸ÓÝ>ÖÎÕ*ÞÒÎÐÑ.Ó¸Ñ.Ü×ÎÕ*ÝÎØ.Ñ.Óîä.ÕmÒl×ÎÕmÑZÔN×ÎÐ
áFÕ Jm¸\¸ Ó¸Ñ×ÎØZÞ××ÎØ.ÕmâÛ>Ó¸Ú¸ÚDÑ.Ð×qÞ£ã.ã.Ú¸â	×_Ðä.ÑDÙSÐÖ_ÕmÒÎÕmÕmÑNÒ_Ó¸×å
äZÞ£×_Ó¸ÐÑUÒkÐÖÑ.ÕmÛ¶ÕmÑDæ9Ó¸ÖÎÐÑ.çAÕmÑD×_Ò _é)ÞÑZÔ Ñ.ÐÑDå y£Â;;® ú
ÒÎâ9çáFÐÚ¸ÓÝÖ_Õ*Þ£Ò_ÐÑUÓ ÑUÜ×_ÕmÑZÔªÒ>×_ÐáFÕºÕùª×ÎÖ_ÕmçAÕmÚ¸âÒ_Ú¸ÐÛTÞ£ÑZÔÓ¸Ñ
ÙÞÝ×)×_Ø.ÕÜÕJÑ.ÕmÖyÞ£Ú@ÒÎâ9çáFÐÚ¸ÓÝ)Ö_Õ/ÞÒ_ÐÑ.Ó¸Ñ.Ü	ã.Ö_Ðá.Ú¸ÕmçôØZÞ£Ò>áZÕmÕJÑ
ÒÎØ.ÐÛ>Ñk×ÎÐláFÕ[å_ÝÐç%ã.Ú¸Õm×ÎÕ_ßBð;Ñ	Ö_ÐáFÐ×ÎÓÝÒÞÑZÔ(àlðmé/×_ØUÕ
J®J;¢JD¦¡ª£*S£ Þ£ã.ã.Ö_ÐDÞÝÎØNØZÞÒ>áFÕmÕmÑ~ÝÎØZÞçAã.Ó¸ÐÑ.Õ/Ô	á9â
 Ö_ÐDÐêDÒDé ZÞÑZÔ(áDâkçNÞÑDâlÐ×_Ø.ÕmÖÎÒ>ñSÒÎÕmÕ  ÞÕmÒ"!ÝÐÚ¸Ú¸Õ*Ý×ÎÓ¸ÐÑ
Ð£ÙqãZÞãFÕmÖÎÒ#"$òJßlð;Ñ4ÝÐçAã.ä.×_ÕJÖlÜÖÞã.ØUÓ§ÝÒ*éB×ÎØ.Ó¸Òl×_Õ/Ý_ØUÑ.ÓîäUÕ
ØZÞ£ÒáZÕJÕmÑTãUÖ_ÐãFÐÒÎÕ*Ô­Ó¸ÑZÔDÕJãZÕmÑFÔDÕmÑD×_Ú¸âMÞÒ ¡ª/S£yD
;y£ ".é%.é.÷&_ßð;Ñ%×_ØUÓ Ò>ãFÞãFÕmÖ>ÛqÕ&Ö_ÕÙ\ÕmÖl×ÎÐk×ÎØ.Ó¸Ò>ÜÕmÑ.ÕJÖyÞÚ
×ÎÕ*ÝÎØ.Ñ.Óîä.ÕkÞÒ>×ÎØ.Õ ¡./S ÞãUã.Ö_ÐDÞÝÎØ@ß
è>Ø.Õ¬ã.ä.ÖÎÕáFÕmØZÞ/æDÓ¸ÐÖÞÚÞã.ãUÖ_Ð9ÞÝÎØ@é	Ø.ÐÛqÕJæÕmÖ/éÙ\ÐªÝä.Ò_ÕmÒ
ÐÑüÚ¸ÐÛ)å;Ú¸ÕmæÕmÚÝÐÑ9×ÎÖ_ÐÚÞÑFÔüÔªÐ9ÕJÒcÑ.Ð×*éÓ¸ÑPÜÕmÑ.ÕmÖÞÚ;éAÕùDå
Ø.Ó¸á.Ó¸×Ú¸ÐÑ.Üå;ÖyÞ£Ñ.ÜÕ¬ã.ÚÞÑ.Ñ.Ó¸Ñ.ÜÐÖ4ç%ÕmçAÐÖ_âDß è>ØUÕ ¡ª£m
S£y£9¡D¸_y;9 Â÷ZÞ×Î×_ÕmçAã.×_Ò[×_ÐÝÐÑ.ÒÎÓÔDÕmÖÜÖÞã.Ø.ÓÝÒ Z
ÖÎÐáFÐ×_ÓÝÒ(áZÕmØFÞ/æ9Ó¸ÐÖyÞÚÞ£ã.ã.Ö_ÐDÞÝÎØ.ÕmÒ(Û>Ó ×ÎØ.Ó¸Ñi×ÎØ.Õ%ÝÐÑ9×ÎÕù.×ÐÙ
ÞNÚÞ£Ö_ÜÕJÖÒ_âDçáFÐÚ¸ÓÝÞÖÝ_ØUÓ ×ÎÕ*Ý×Îä.Ö_Õßè>Ø.Ó¸ÒkÞÚ¸Ú¸ÐÛ>ÒÓ¸Ñ9×ÎÕmÜÖÞ×å
Ó¸Ñ.Ü4×_Ø.ÕNáFÕmÑ.ÕìF×_Ò%Ð£ÙºÒÎâ9çáFÐÚ¸ÓÝ	Ö_Õ/ÞÒ_ÐÑ.Ó¸Ñ.ÜZéÓ¸ÑcãZÞ£Ö_×_ÓÝäUÚ§Þ£Ö
Ú¸ÐÑUÜå;ÖyÞÑUÜÕ	ã.ÚÞÑ.Ñ.Ó¸Ñ.ÜFéBÞÝ×ÎÓ ÐÑiÒÎÕ*îä.ÕmÑZÝÓ ÑUÜZéç%ÕJç%ÐÖÎâÔDäUÕ
×ÎÐÓ ÑD×ÎÕmÖ_ÑZÞ£ÚBç%Ð.ÔDÕmÚ¸Ò)ÐÙ×_Ø.ÕÛ)ÐÖÎÚÔBé.ÞÑZÔAÕ*Þ£Ò_ÕÐ£ÙHÒÎãZÕ*ÝÓ¨ìBÝmÞ/å
×ÎÓ ÐÑÛ>Ó¸×_Ø4áZÕJØZÞ/æDÓ ÐÖyÞ£Ú Þ£ã.ã.ÖÎÐ9ÞÝÎØ.ÕJÒ*ß%ó&ä.ÖkÞ£ã.ã.ÖÎÐ9ÞÝÎØ4Ø.ÕmÖÎÕ
Û>Ó¸Ú¸Ú.áFÕº×ÎÐkäUÒ_ÕºÞnÙSÐÖ_ç½ÐÙ×_Ø.Ó¸Ò>ÝÐçá.Ó¸Ñ.Õ/ÔkÞ£ã.ã.Ö_ÐDÞÝÎØÞ£Ú¸ÐÑ.Ü
Û>Ó¸×_ØcÞ£ÑiÕùªãUÚ ÓÝÓ¸×Ó¸ÑD×_ÕJÖ_ÑZÞ£ÚqçNÞãÐ£Ùl×_Ø.ÕA×_ÕmÖÎÖyÞÓ¸Ñ@ßNð;Ñ~×ÎØ.Ó¸Ò
Techniqes
Symbolic
Non-symbolic
Behaviors
Control
Symbolic Instructions
Simulation System
Behaviors
Motor
Behaviors
Perceptual
Abstraction
Behavioral
ø[Ó¸Üä.ÖÎÕ#ú  ¦¡ª£*\y£@¡D¸D ÝÐÑD×_ÖÎÐÚ@ØUÓ ÕJÖyÞÖÝÎØ9âDß
ÒÎÕ*Ý×_Ó¸ÐÑ@éÛ)Õá.ÖÎÓ¸ÕZâkÔDÕJÒyÝÖÎÓ áFÕ>×_ØUÕ>áZÕmØFÞ/æ9Ó¸ÐÖyÞÚDÞÖÝ_ØUÓ ×ÎÕ*Ý×Îä.Ö_Õ
Þ£ÑZÔN×_ØUÕkÝÐçAãZÐÑ.ÕmÑD×_Ò&Û>Ó¸×_Ø.Ó¸ÑNÓ¸×l×_ØFÞ×lÛ)Õä.ÒÎÕÙ\ÐÖl×ÎÕmÖ_ÖÞÓ¸Ñ
ÖÎÕ*ÞÒÎÐÑ.Ó¸Ñ.ÜFß
 
	 |  |~9 	   D 
è>Ø.ÕáFÕmØZÞ/æDÓ¸ÐÖÞÚ>ÞÖÝ_ØUÓ ×ÎÕ*Ý×Îä.Ö_ÕNã.ÖÎÐãFÐÒ_Õ/Ô~Ó¸Ñ Â÷ÃÓ¸ÒkÔDÕå
ã.ÓÝ×ÎÕ*ÔAÓ¸Ñø[Ó¸ÜZß  ß[è>Ø.ÕmÖÎÕkÞÖÎÕ×;ÛqÐ	ã.Ö_Ó¸çNÞÖ_âÝÐÑ9×ÎÖ_ÐÚBãZÞ×ÎØ.Ò
ÒÎØ.ÐÛ>Ñ@ú
! #"$&%%!  #')( è>ØUÓ ÒÓ¸ÒHÞ&ÝÐÑD×ÎÓ ÑDä.Ðä.ÒÒ_×ÎÖ_Õ*Þ£çPÐÙ
FÐ9Þ×ÎÓ¸Ñ.ÜNãZÐÓ ÑD×ÑDä.çáFÕmÖ_Ò&ÙSÖÎÐç×ÎØ.ÕÒ_Ó¸çä.ÚÞ£×_Õ*ÔNÕJÑ9æDÓ²å
ÖÎÐÑ.çAÕmÑD×*é/×_ØUÖ_ÐäUÜØÒÎÓ çäUÚ§Þ£×_Õ*Ô¦Ò_ÕmÑUÒ_ÐÖÎÒã.ÖÎÐæ9ÓÔDÓ¸Ñ.Ü>×ÎØ.Õ
Þ£á.Ò_×ÎÖyÞÝ×Ö_ÕmÒÎä.Ú¸×_ÒÐÙ.ãFÕmÖyÝÕJã.×_Ó¸ÐÑ[é×ÎØ.Ö_Ðä.ÜØkÝÐÑD×_ÖÎÐÚDáZÕå
ØFÞ/æ9Ó¸ÐÖ_ÒÓ¸ÑZÔDÕJãZÕmÑFÔDÕmÑD×_Ú¸â%Þ×Î×_ÕmçAã.×_Ó¸Ñ.Ü×ÎÐÒ_ÐÚ æÕlÞç%Ó¸ÑDå
Ó¸çAÓ ï/Þ×_Ó¸ÐÑãUÖ_ÐáUÚ ÕJçiéBÐä.××_ÐÒ_Ó¸çä.ÚÞ×ÎÕ*ÔNÕõBÕ*Ý×ÎÐÖ_ÒÐÖ
ÕõíÕ*Ý×_ÐÖAáZÕJØZÞ/æDÓ ÐÖ_ÒNñ\Ó Ñ­Ðä.Ö%ÝmÞÒÎÕé)ÛÃÞ£Ú¸ê9Ó¸Ñ.ÜDòméÛ>Ø.ÓÝÎØ
ÕJÑZÞÝ×NÝÎØZÞÑ.ÜÕmÒNÐÑ­×_ØUÕÛqÐÖ_ÚÔBßbè>Ø.Ó¸Ò%Ú¸ÐDÐãMÝÐÑD×_Ó¸ÑDå
äUÐä.ÒÎÚ â¬ÐãFÕmÖyÞ£×_ÕmÒ/éÝÐÑUÑ.Õ*Ý×ÎÓ ÑUÜcÒ_ÕJÑ.Ò_ÐÖ_ÒN×_Ð¬ÕõíÕ/Ý×_ÐÖ_Ò
×ÎØ.Ö_Ðä.ÜØÞ	Ñ.ÕJ×;ÛqÐÖ_êNÐÙáFÕmØZÞ/æDÓ¸ÐÖyÞ£ÚBÑ.Ð.ÔDÕmÒ&Û>Ø.ÓÝ_ØAÙSÐÖ
ÔªÕmÒyÝÖÎÓ¸ã.×_Ó¸æÕ4ÝÐÑDæÕJÑ.Ó¸ÕmÑZÝÕ~ÞÖÎÕ¾ÔªÓ æDÓÔDÕ*Ô¬Ó¸ÑD×_Ð ±ªJy±.
;.>¡./S é D;y£q¡./S é)ÞÑZÔ /_N
¡./S ß
+*, #-/.0!#1'!'%0!.#( öDâDçáFÐÚ¸ÓÝÖ_Õ/ÞÒ_ÐÑ.Ó¸Ñ.ÜZéÐÖ
Ð×_Ø.ÕJÖiÒÎâ9çáFÐÚ¸ÓÝÐÖ4Ñ.ÐÑDå;áFÕmØZÞ/æDÓ¸ÐÖyÞ£Ú®ÝÐÑD×_ÖÎÐÚ	×_Õ*ÝÎØDå
ÑUÓ§îä.ÕJÒqçAÐÑ.Ó¸×_ÐÖ@×ÎØ.ÕláFÕmØZÞ/æDÓ¸ÐÖÞÚ.Ú¸ÐDÐãÞÑZÔÞ£×Ò_×ÎÖyÞ£×_Õå
ÜÓÝô×ÎÓ çAÕmÒ*é­ÖÎÕ*ÝÐÑDìZÜäUÖ_Õ×ÎØ.ÕýÒ_×ÎÖ_Õ*Þ£ç Ð£Ù ÝÐÑD×ÎÖ_ÐÚ
áDâPÞ£Ú ×ÎÕmÖ_Ó¸Ñ.ÜeÝÐÑ.Ñ.Õ*Ý×ÎÓ¸æ9Ó¸×;âDéÝ_ØFÞÑ.ÜÓ ÑUÜ ÝÐÑ.Ñ.Õ*Ý×_Ó¸æDÓ ×;â
Û)ÕmÓ¸ÜØD×ÎÒ*éBÐÖlç%Ð.ÔDÓ²ÙSâDÓ¸Ñ.Ü	Ñ.Ð.ÔDÕ	ãZÞÖÞç%ÕJ×_ÕmÖÎÒ*ßè>Ø.Õ 
¡./Sy;y;S£D çÞÑFÞÜÕ&×_Ø.Õ(×_ÖyÞ£Ñ.Ò_Ó¸×ÎÓ ÐÑAÙSÖ_Ðç
FÐ9Þ×ÎÓ¸Ñ.ÜlãFÐÓ¸ÑD×Ò_Ó¸ÜÑZÞ£Ú¸ÒH×ÎÐÔDÓ¸ÒyÝÖÎÕm×_ÕÒ_âDçáFÐÚ¸ÒHÞ£ÑZÔ	ÞÚ¸Ò_Ð
ãFÞÝÎêÞÜÕ~áZÕmØFÞ/æ9Ó¸ÐÖÓ¸Ñ9×ÎÐTÔDÕmãFÕmÑZÔUÞá.Ú¸ÕcäUÑ.Ó¸×_Ò*ß è>Ø.Ó¸Ò
ÒÎã.Ú¸Ó¸×HÞÚ¸Ú¸ÐÛ>ÒBÞÔ.ÔDÖÎÕmÒ_ÒÎÓ¸Ñ.Ü×_Ø.Õ mD¢y£9FD¢±Fy
¸m ñ\Ò_ÕmÕ 32Sò)ÞÑZÔ7êÕmÕmãUÒlÒ_âDçáFÐÚ¸ÓÝÐãZÕJÖyÞ×ÎÓ¸ÐÑ.Ò>Þ×>Þ
ÒÎä4ÝÓ¸ÕmÑD×_Ú¸âNÞá.ÒÎ×_ÖyÞÝ×lÚ¸ÕmæÕmÚ;ß
! 567	 #8 :9 7;=<  
è>Ø.Õ y¡ª£*\y£ /± Ó¸Ò&ç%Ð.ÔDÕmÚ¸Õ*ÔNÞÒÞ	Ñ.Õm×;Û)ÐÖÎêÐ£ÙqÓ¸ÑDå
×ÎÕmÖyÞÝ×_Ó¸Ñ.ÜMáFÕmØZÞ/æDÓ¸ÐÖÎÒ*éÛ>Ø.ÕJÖ_ÕcãFÕmÖÝÕmã.×ÎäZÞÚ;ékÝÐÑD×_ÖÎÐÚ;éºÞ£ÑZÔ
çAÐ×_ÐÖáZÕmØFÞ/æ9Ó¸ÐÖ_Ò%ÞÖÎÕ%Ñ.Ð.ÔDÕJÒ%ÝÐÑ.ÑUÕ*Ý×_Õ/Ô­áDâcÞÖyÝÒ%ÞÝÖÎÐÒ_Ò
Û>Ø.ÓÝÎØcÐÑ.Ú¸âZÐ9Þ£×_Ó¸Ñ.Ü4ãZÐÓ¸Ñ9×	ç%ÕJÒ_ÒyÞ£ÜÕmÒ	×_ÖÞ/æÕmÚ;ß¬àlÑ­Ó¸ÑZÔDÓ²å
æDÓÔDäZÞ£Úé>ÝÐÑZÝÕmãU×_äZÞ£ÚãZÞ×ÎØMÙ\Ö_ÐçÒ_ÕJÑ.Ò_ÐÖ_Ò×ÎÐÕõíÕ*Ý×_ÐÖÎÒÓ¸Ò
ÖÎÕÙSÕmÖÎÖ_Õ*Ô4×ÎÐÞÒÞ y¡ª£*\y£Z éíÞ£ÑZÔÓ ÒÞÑZÞ£Ú¸ÐÜÐä.Ò>×_ÐNÞ
ÝÐç%ã.Ú¸Õm×ÎÕláFÕmØZÞ/æDÓ¸ÐÖ>Ó¸Ñ%×ÎØ.Õ×ÎÖyÞÔªÓ ×ÎÓ¸ÐÑZÞ£ÚZÕmçAÕmÖ_ÜÕmÑD×>áZÕJØZÞ/æå
Ó¸ÐÖ	ÞÖyÝÎØ.Ó¸×ÎÕ*Ý×_äUÖ_ÕmÒAÒ_äZÝÎØÞ£Ò  Ö_ÐDÐê9Ò"! m.D&±.;Sby¡9§
_;Dy "_éDÕùZÝÕmãU×l×_ØFÞ×lÑUÐªÔªÕmÒlçNÞ/âkáFÕÒ_ØFÞÖ_Õ/ÔNáZÕJ×;ÛqÕmÕJÑ
áFÕmØZÞ/æDÓ¸ÐÖÎÒqÞÑZÔÞ£Ö_á.Ó¸×ÎÖyÞ×ÎÓ¸ÐÑAñÝÐç%ãFÕm×_Ó¸×_Ó¸ÐÑÙSÐÖÕõBÕ*Ý×ÎÐÖ)Ö_Õå
ÒÎÐä.ÖÝÕmÒyòAçNÞ/â~ÐªÝJÝä.ÖN×_Ø.ÖÎÐä.ÜØ.ÐäU×%×_ØUÕáZÕJØZÞ/æDÓ ÐÖyÞ£ÚlãZÞ£×_Ø
Þ£ÑZÔAÑ.Ð×@ëäUÒ_×lÞ×>×ÎØ.ÕÕmÑFÔåÕõíÕ*Ý×_ÐÖÚ¸ÕmæÕmÚ;ßè>Ø.ÕáFÕmØZÞ/æDÓ¸ÐÖyÞ£Ú
Ú¸ÐDÐãAÓ Ò>çAÐ.ÔDÕmÚ¸Õ*ÔÞÒlÞ	ÑUÕm×;ÛqÐÖ_êAÛ>Ó ×ÎØ6ZÐ9Þ£×_Ó¸Ñ.Ü	ãZÐÓ ÑD×>ÝÐÑªå
Ñ.Õ/Ý×_Ó¸ÐÑUÒ>Ó ÑÐÖyÔDÕJÖ>×_ÐÞÚ¸Ú¸ÐÛc×_ØUÕnÞ£ã.ã.Ú¸ÓÝmÞ×ÎÓ¸ÐÑ	ÐÙHÚ¸ÐÛ)å;Ú¸ÕmæÕmÚ;é
ä.ÑUÒ_ä.ãFÕmÖ_æDÓ¸Ò_Õ/ÔBéÖÎÕmÓ¸ÑDÙSÐÖyÝÕmçAÕmÑD×@Ú¸Õ*Þ£Ö_Ñ.Ó¸Ñ.Ü>Ó¸Ñ×_Ø.Õ)áFÕmØZÞ/æDÓ¸ÐÖyÞ£Ú
ÔDÕJÒ_Ó¸ÜÑNã.ÖÎÐªÝÕmÒ_Ò	ñS×ÎØ.Ó¸Ò>Ó¸ÒqáFÕmÓ¸Ñ.Ü%ÔDÕmæÕmÚ¸ÐãFÕ*ÔNÓ¸Ñ Âû òJß
>@?A>@?:B C "D*,'E&%F! #"DG
è>Ø.ÕãFÕmÖyÝÕmã.×_äFÞÚ@áFÕmØZÞ/æDÓ¸ÐÖÎÒ>ä.Ò_Õ/ÔÙ\ÐÖ)Ðä.Ö>×ÎÕmÖ_ÖÞÓ¸ÑNÖ_Õ*Þ£Ò_ÐÑªå
Ó¸Ñ.Ü¬ç%Ð.ÔDÕmÚ×_ØUÕcÞá.ÒÎ×_ÖyÞÝ×*éÜÕmÐçAÕm×_ÖÎÓÝNÖ_ÕmÒÎä.Ú¸×_Ò4ÐÙkÐáëÕ*Ý×
ãFÕmÖyÝÕmã.×_Ó¸ÐÑ@ßôè>Ø.ÕJâ2ÝÐÑD×_Ó¸ÑDä.ÐäUÒ_Ú¸â­ÜÕmÑ.ÕJÖyÞ×ÎÕ~Ò_Ó¸ÜÑFÞÚ¸ÒÔDÕå
ÒÝÖ_Ó¸á.Ó¸Ñ.Ü×ÎØ.ÕãFÐÚÞÖ>ÝÐDÐÖÔDÓ¸ÑZÞ×ÎÕãZÐÒ_Ó¸×_Ó¸ÐÑñSÖÎÕmÚÞ×ÎÓ æÕ×_Ð×_ØUÕ
Þ£ÜÕmÑD×yòÐÙÞ	ãZÞÖÎ×_ÓÝä.ÚÞ£ÖqÐáëÕ*Ý×>ÐÖ>ÐÙ Þ£Ú¸ÚZÐáëÕ*Ý×ÎÒlÐÙÞkÝÕmÖ;å
×ÞÓ¸Ñ×;âDãZÕ&Û>Ó ×ÎØ.Ó¸Ñ®Þ(Ò_ãFÕ*ÝÓ²ìZÕ/ÔÔªÓ ÒÎ×yÞ£ÑZÝÕºÞ£ÑZÔ(ìZÕmÚÔ7ÐÙ@æDÓ¸ÕmÛß
è>Û)ÐkÐ£ÙH×ÎØ.ÕãFÕmÖyÝÕJã.×_äZÞ£ÚáZÕmØFÞ/æ9Ó¸ÐÖ_Ò>ä.ÒÎÕ*ÔÞÖÎÕú
 /7H&*$IGJ.KGJ /"DG$( è>Ø.ÕmÒÎÕ%ã.ÖÎÐæDÓ§ÔªÕ×_Ø.Õ%ÝäUÖ_Ö_ÕJÑ9×ÔDÓ¸Ò_×ÞÑZÝÕ
Ù\Ö_Ðç¶×_ØUÕkÞÜÕmÑD×ºÞÑFÔÞÑ.ÜÚ¸ÕºÖÎÕmÚÞ×ÎÓ æÕ×_ÐA×_Ø.ÕnÙSÐÖÎÛÃÞ£ÖyÔ
Þhù.Ó Ò[ÐÙZ×ÎØ.Õ>ÞÜÕJÑ9×[ÐÙíÞ¦ãZÞÖÎ×_ÓÝä.ÚÞ£Ö@ÐáëÕ*Ý×Ó¸Ñ×_Ø.Õ)ÕmÑDæDÓ²å
ÖÎÐÑ.çAÕmÑD×*ß>Ð×_Õl×ÎØZÞ×)×_ØUÓ Ò)Ò_ÕJÑ.Ò_ÐÖlÔDÓ¸Ö_Õ*Ý×ÎÚ¸â%Þá.ÒÎ×_ÖyÞÝ×_Ò
ÐæÕmÖÐáëÕ*Ý×)Ö_Õ*ÝÐÜÑUÓ ×ÎÓ¸ÐÑNñSÛ>ØUÓ§ÝÎØAÛqÕ>áFÕmÚ¸Ó¸ÕmæÕ&Ó Ò)Þ&ÙÞÓ¸Ö
Þ£Ò_ÒÎä.ç%ã.×ÎÓ¸ÐÑÙSÐÖkÞ¾Ò_Ó¸çä.ÚÞ×ÎÕ*ÔNØDä.çÞ£Ñ#Þ£ÜÕmÑD×Ó¸Ñ~Ðä.Ö
ÝÓ ÖÝä.çAÒ_×yÞ£ÑZÝÕ*òJß
"$&.-/LGM.GM /"DG,( Ï)ÐÚ¸Ú Õ/Ý×_ÒlÞ£Ú ÚBÐáëÕ*Ý×ÎÒlÐ£Ù ÞÝÕmÖÎ×yÞ£Ó ÑN×;âDãFÕ
Û>Ó¸×ÎØ.Ó¸ÑiÞNÜÓ¸æÕmÑiÖÞÑ.ÜÕ®Þ£ÑZÔ¾ìZÕmÚÔ4ÐÙ>æDÓ ÕJÛé@ÞÑZÔãFÕmÖ;å
Ù\ÐÖ_çAÒºÞAÛ)ÕmÓ¸ÜØD×_Õ*Ô4Þ/æÕJÖyÞÜÕkÓ¸ÑD×_ÐNÒÎÓ ÜÑZÞÚ¸ÒÜÓ¸æDÓ¸Ñ.Ü×_ØUÕ
ÔªÓ ÒÎ×yÞ£ÑZÝÕlÞÑFÔkÞ£Ñ.ÜÚ¸Õ)ÐÙ@ÞlÒÎÓ¸Ñ.ÜÚ¸Õ>Þá.ÒÎ×_ÖyÞÝ×ÐáëÕ*Ý×ÖÎÕmãDå
ÖÎÕmÒ_ÕJÑ9×ÎÓ¸Ñ.ÜÞ£Ú ÚÔDÕm×ÎÕ*Ý×_Õ/ÔMÐáëÕ*Ý×ÎÒ*ß½öDÓ¸ÜÑZÞ£Ú Ò	Ó¸ÑD×_Ð~×_ØUÕ
ÒÎÕmÑ.ÒÎÐÖlÔDÕìFÑ.Õl×ÎØ.ÕlÖÞÑ.ÜÕéìZÕmÚÔ	ÐÙ@æDÓ¸ÕmÛéDÞÑZÔ7ÛqÕJÓ ÜØD×;å
Ó¸Ñ.ÜãZÞÖÞç%ÕJ×_ÕmÖÎÒñÔDÕìZÑ.Ó¸Ñ.Ü4Ö_ÕmÚÞ×ÎÓ¸æÕ%Û)ÕmÓ¸ÜØD×ÎÒÐÙºÔDÓ¸Òå
×ÞÑZÝÕÃÞ£ÑZÔkÞ£Ñ.ÜÚ¸Õ*ò[ÞÑZÔ(çÞ/â&áZÕ>ÞÚ¸×ÎÕmÖ_Õ*ÔÝÐÑD×_Ó¸ÑDä.ÐäUÒ_Ú¸â
Ó¸ÑAÐÖyÔªÕmÖl×ÎÐ	ÙSÐ.Ýä.Ò>×_ØUÕºÒÎÕmÑ.ÒÎÐÖ*ß
à&Ñ.Ð×ÎØ.ÕmÖ)ãZÕmÖÝÕmã.×ÎäZÞÚáFÕmØZÞ/æDÓ¸ÐÖÓ¸Ò)ä.Ò_Õ/Ô%×ÎØZÞ×)ãFÕmÖyÝÕJÓ æÕmÒ
Þ£ÑÓ ÑD×ÎÕmÖ_ÑZÞ£ÚZçNÞãÐ£Ù@×_Ø.Õ>×ÎÕmÖ_ÖÞÓ¸ÑÞ£ÒÓ²Ù@Ó¸×HÛ)ÕmÖÎÕºÞÑÕùª×ÎÕmÖ_ÑFÞÚ
ÕmÑD×ÎÓ ×;âON®×ÎØ.Ó¸Ò>Ó¸ÒlÔDÓ¸ÒyÝä.ÒÎÒ_Õ*Ô¾Ó ÑÔDÕJ×yÞÓ¸ÚBÓ¸ÑöDÕ*Ý×ÎÓ¸ÐÑû.ß
è>Ø.ÕJÒ_Õ%ÜÕmÐçAÕm×_ÖÎÓÝÒ_ÕmÑUÒ_ÐÖÎÒ%ÞÖÎÕÒ_ä4ÝÓ¸ÕmÑD×Ù\ÐÖ×_Ø.Õ%Ýä.Ö;å
ÖÎÕmÑD×kÞá.ÒÎ×_ÖÞÝ×ÎÓ ÐÑ~Ú¸ÕmæÕmÚ)ÐÙ>ÐäUÖÛqÐÖ_êBßQP¦ÐÛqÕmæÕmÖ*éÞNçAÐÖ_Õ
ÒÎÐã.Ø.Ó¸ÒÎ×_ÓÝmÞ×ÎÕ*Ô	Þã.ã.ÖÎÐ9ÞÝ_Ø	Ó¸Ò@×ÎÐºÒÎÓ¸çä.ÚÞ×_Õ×ÎØ.ÕqØUÓ ÜØDå;Ú ÕJæÕmÚÖ_Õå
ÒÎä.Ú¸×_ÒÐ£Ù@æ9Ó¸ÒÎÓ ÐÑkÐ£Ù@×_Ø.ÕÞÜÕmÑD×ä.Ò_Ó¸Ñ.ÜSRUåá.äªõíÕmÖÎÓ¸Ñ.ÜkØFÞÖyÔªÛÃÞ£Ö_Õ
×ÎÐnÝÖ_Õ*Þ£×_ÕÞÔDÕmã.×ÎØ%çÞ£ãÐÙBÛ>ØZÞ£×H×ÎØ.ÕºÞ£ÜÕmÑD×qÝJÞÑÒ_ÕJÕßè>Ø.Ó¸Ò
Ó¸Ò×_Ø.ÕNÞã.ãUÖ_Ð9ÞÝÎØiä.ÒÎÕ*Ô~áDâUT¦ÕmÑZÞ£ä.Ú¸×nÞ£ÑZÔ4è>ØZÞ£Ú çNÞÑ.Ñ%
Þ£ÑZÔLT>ÕJâ9ÑUÐÚÔDÒ Â÷WVéBÞ£ÑZÔNÛ)ÕÓ¸Ñ9×ÎÕmÑZÔ×_ÐAÓ ÑFÝÐÖÎãZÐÖyÞ×ÎÕk×ÎØ.Ó¸Ò
Þ£ã.ã.Ö_ÐDÞÝÎØÞÒ>Ðä.Ö>×_ÕmÖÎÖyÞ£Ó ÑNÖÎÕ*ÞÒÎÐÑ.Ó¸Ñ.ÜçAÐªÔªÕmÚZãUÖ_ÐÜÖ_ÕmÒÎÒ_ÕmÒ/ß
>@?A>@?A> X  /.7"$ #%0 /"DG
øUÐÖ	×_ÕmÖÎÖyÞ£Ó Ñ­ÖÎÕ*ÞÒÎÐÑ.Ó¸Ñ.Ü~Û)Õ%ä.ÒÎÕ×;Û)ÐiÒÎÓ çAã.Ú¸Õ%ÝÐÑD×ÎÖ_ÐÚ>áFÕå
ØZÞ/æDÓ¸ÐÖÎÒÚ ÐDÐÒ_ÕmÚ¸â4áZÞÒÎÕ*Ô4ÐÑ  ÖyÞ£Ó ×ÎÕmÑDáZÕJÖ_Ü ! Ò  £h ÞÑZÔ ¡./_
áFÕmØZÞ/æDÓ¸ÐÖÎÒ ZY_éáUä.×Ù\ÐÖ_çäUÚ§Þ£×_Õ*Ô	ÞÒ)Õù.ã.Ú¸ÓÝÓ¸×ç%Ó¸Ñ.Ó¸çAÓ¨ï*Þ£×_Ó¸ÐÑ
Ñ.Ð.ÔDÕJÒ>ä.Ò_Ó¸Ñ.ÜÐä.×_ãUä.×_Ò>×ÎÐkÔDÖ_Ó¸æÕlÓ¸Ñ.ã.ä.×ÎÒq×ÎÐ®Þ	ÔDÕmÒÎÓ¸Ö_Õ*ÔAæÞÚ¸ä.Õ
ñ\Ò_Ó¸ç%Ó¸ÚÞÖ×_Ð MÓ¸Ú¸Ø.ÕmÚ¸ç%Ò"!	Â÷	@ä.ÒÎÕÐÙ  ÖyÞ£Ó¸×_ÕmÑDáFÕmÖ_Ü! Ò&áZÕJØZÞ/æå
Ó¸ÐÖÎÒyòJßHÏ)ÐÑ9×ÎÖ_ÐÚ9áFÕmØZÞ/æDÓ¸ÐÖÎÒ×;âDã.ÓÝmÞÚ¸Ú¸âlÖÎÕ*ÝÕmÓ¸æÕlÓ¸Ñ.ã.ä.×ÒÎÓ ÜÑZÞÚ¸Ò
ÔDÓ¸ÖÎÕ*Ý×_Ú¸âAÙSÖÎÐç¶ãZÕmÖÝÕmã.×ÎäZÞÚáZÕmØFÞ/æ9Ó¸ÐÖ_Ò*éFÞÑZÔ¾Ò_ÕmÑZÔÐäU×_ã.ä.×ÎÒ
ÔDÓ¸ÖÎÕ*Ý×_Ú¸â×_Ð>çAÐ×ÎÐÖFáZÕmØFÞ/æ9Ó¸ÐÖ_Ò*é/×ÎØ.Ðä.ÜØ×_ØUÕmâÝÐä.ÚÔ&áFÕä.Ò_Õ/Ô
Ó¸Ñ4ç%ÐÖÎÕkÞáUÒ_×_ÖÞÝ×	ÝÐÑD×_ÖÎÐÚÒÎÓ¸×_äZÞ£×_Ó¸ÐÑ.Ò/ßóläUÖ×;ÛqÐNÝÐÑD×ÎÖ_ÐÚ
áFÕmØZÞ/æDÓ¸ÐÖÎÒlÞÖ_Õú
&"$#*$W( Ï)Ö_Õ/Þ×_ÕNÞÑ~Ðä.×_ã.äU×Ò_Ó¸ÜÑFÞÚÓ¸Ñ4×_Ø.ÕNÔDÓ¸Ö_Õ*Ý×ÎÓ¸ÐÑ~ÐÙ
×ÎØ.Õ	Ó ÑUã.ä.×>Ò_Ó¸ÜÑZÞÚ;é.áUä.×lçNÞÜÑUÓ¨ìFÕ*ÔNÞÝmÝÐÖyÔDÓ¸Ñ.ÜA×_Ð%ÔDÓ¸Òå
×ÞÑZÝÕºÞÑFÔÞÑ.ÜÚ Õ)ÒyÝJÞÚÞÖ)çä.Ú¸×_Ó¸ã.Ú¸Ó¨ÕJÖ_ÒHÞ£ÑZÔ	Õù.ãFÐÑ.ÕmÑD×ÎÒ*ß
è>ØUÓ Ò&áZÕJØZÞ/æDÓ ÐÖ>ÛqÐÖ_êDÒlÐÑ.Ú¸â%Û>Ø.ÕJÑÓ¸Ñ.ã.ä.×&Ò_Ó¸ÜÑZÞ£Ú¸Ò>ÕùDå
ÝÕmÕ*ÔÞ	×ÎØ.Ö_ÕmÒÎØ.ÐÚÔNÔDÓ¸Ò_×ÞÑZÝÕÐÖlÞ£Ñ.ÜÚ¸Õß
/ #   ( Ï)ÖÎÕ*Þ×ÎÕkÞÑÐä.×_ãUä.×>Ò_Ó¸ÜÑFÞÚFÓ Ñ×ÎØ.ÕÐã.ãFÐÒÎÓ¸×_ÕÔDÓ¸Ö_Õ*Ýyå
×ÎÓ¸ÐÑ~ÐÙ×_Ø.ÕNÓ¸Ñ.ã.äU×*éçÞ£ÜÑ.Ó²ìZÕ/ÔiÞÝmÝÐÖÔDÓ¸Ñ.Ü4×_Ð4ÒyÝmÞ£Ú§Þ£Ö
çäUÚ ×ÎÓ¸ã.Ú¸Ó ÕJÖ_ÒkÞ£ÑZÔ¬Õù.ãZÐÑ.ÕmÑD×_Ò/é>Û>Ø.ÕmÑ.ÕJæÕmÖAÓ ÑUã.ä.×_Ò7ÙÞÚ¸Ú
áFÕmÚ¸ÐÛeÞ×ÎØ.Ö_ÕmÒÎØ.ÐÚÔÔªÓ ÒÎ×yÞ£ÑZÝÕÐÖlÞ£Ñ.ÜÚ¸Õß
è>Ø.ÕJÒ_Õ>áFÕmØZÞ/æDÓ¸ÐÖ_ÒÓ¸ÑZÝÐÖ_ãFÐÖÞ×_Õ)áFÐ×_Ø	ÒyÝJÞÚÞÖçä.Ú¸×_Ó¸ã.Ú¸Ó¸ÕmÖÎÒ
Þ£ÑZÔ4Õù.ãZÐÑ.ÕmÑD×_Ò/é×_ÐiÞ£Ú¸Ú ÐÛeçAÐ.ÔDÕmÚ¸Ó¸Ñ.Ü×_Ø.ÕAÑ.ÐÑªåÚ¸Ó¸Ñ.Õ*Þ£Ö_Ó¸×_Ó¸ÕmÒ
×;âDã.ÓÝmÞ£Ú Ú¸â¬Ðá.ÒÎÕmÖ_æÕ*ÔbÓ¸ÑTÞÑ.Ó¸çNÞÚ>Ö_ÕJÒ_ãFÐÑ.ÒÎÕmÒi×ÎÐ­ãZÕmÖÝÕmÓ¸æÕ/Ô
Ó¸Ñ.ã.äU×_Ò %_ß
>@?A>@?   # #"1! #"DG
 Ð×_ÐÖiáFÕmØZÞ/æDÓ¸ÐÖÎÒ#ÝÐÑ.Ñ.Õ*Ý×~×_Ðb×_Ø.Õ¬ä.ÑZÔDÕmÖÎÚ¸â9Ó¸Ñ.ÜbØDä.çÞ£Ñ
áFÐ.ÔDâç%Ð.ÔDÕJÚ Þ£ÑZÔÔDÓ¸ÖÎÕ*Ý×_Ú¸â4Õù.Õ*Ýä.×ÎÕ%ÖÎÐä.×ÎÓ ÑUÕmÒÔDÕìZÑ.Õ/Ô4ÐÑ
×ÎØ.Õ%çAÐªÔªÕmÚlñ\Ò_äZÝÎØMÞÒ(ÛÃÞ£Ú êDÓ¸Ñ.ÜFé@áZÞ£ÚÞÑZÝÕéØZÞ£ÑZÔ4ãZÐÒ_Ó¸×_Ó¸ÐÑ@é
Þ£ÑZÔ	×_ÐÖ_Ò_Ð(ÐÖ_Ó¸ÕmÑD×Þ×_Ó¸ÐÑZòÞÑFÔÞÖ_áUÓ ×ÎÖyÞ£×_ÕlÞçAÐÑ.Ü&Ó¸Ñ.ã.ä.×ÎÒ*éÕmÓ²å
×ÎØ.ÕmÖáDâÒÎÕmÚ¸Õ*Ý×_Ó¸Ñ.Ü(ÐÑ.Õ)Ò_Õm×ÐÙZÓ¸ÑZÝÐç%Ó¸Ñ.Ü>ÒÎÓ ÜÑZÞÚ¸ÒÐÖÞ/æÕmÖyÞ£Üå
Ó¸Ñ.ÜÞÚ¸ÚBÓ¸ÑZÝÐç%Ó¸Ñ.ÜÒÎÓ ÜÑZÞÚ¸Ò/ßàlÑNÕùZÞçAã.Ú¸ÕlÓ¸Ò>×_Ø.Õ «q£Âµ%D
;y£ J éÛ>Ø.ÓÝÎØÔDÕ*ÝÓÔDÕJÒlÛ>Ø.ÕmÖÎÕ×_ÐãUÚ§ÞÝÕ×_Ø.Õ	ÞÜÕJÑ9×"! Ò>Ñ.Õù.×
ÙSÐDÐ×_Ò_×ÎÕmãÞÑZÔA×ÎØ.ÕmÑiÝÐÑ.Ñ.Õ*Ý×_Òl×ÎÐ×_Ø.ÕÚ¸Ð.ÝÐçAÐ×ÎÓ ÐÑÜÕmÑUÕmÖyÞhå
×ÎÐÖlÔDÓ¸ÒyÝä.Ò_ÒÎÕ*ÔÓ¸ÑNöDÕ*Ý×ÎÓ ÐÑNþ×_Ð%ÞÝÎØ.Ó¸ÕmæÕ×_Ø.ÕÒ_×ÎÕmã@ß
à­ØDä.çÞ£ÑÒ_×ÎÕmã.ÒqÞ£×qÔDÓ¸ÒyÝÖ_Õm×ÎÕ>ãZÐÒ_Ó¸×_Ó¸ÐÑUÒHÓ¸ÑÞÝÐÑD×_Ó¸ÑDä.Ðä.Ò
ÒÎãZÞÝÕß ~Õ®Þ£Ò_ÒÎä.ç%Õ	×_ØZÞ£××_Ø.Õ%Þ£ÜÕmÑD×ÝmÞÑUÑ.Ð×kÝÎØZÞ£Ñ.ÜÕ×ÎØ.Õ
×ÞÖ_ÜÕm×_Õ/Ô4Ò_×_ÕJã~Ú Ð.ÝmÞ£×_Ó¸ÐÑÛ>Ø.Ó¸Ú ÕÞÒÎ×_Õmã~Ó¸ÒÓ¸ÑiãUÖ_ÐÜÖ_ÕmÒÎÒ*ß	ð;Ñ
ÐÖyÔDÕmÖ(×_ÐNÒ_ÐÚ æÕÒyÞ£ç%ã.Ú¸Ó¸Ñ.Üã.ÖÎÐá.Ú¸ÕmçAÒl×_ØFÞ×çÞ/âNÐ.ÝmÝä.Ö(á9â
ÐÑ.Ú¸âºÒÞçAã.Ú¸Ó ÑUÜÃÞ£×H×ÎØ.Õ>ÞÜÕJÑ9×"! Ò ÝÕmÑD×_ÕmÖ>Þ×[×_Ø.Õ>áFÕmÜÓ¸Ñ.ÑUÓ ÑUÜlÐÙ
ÕmæÕmÖ_âÒ_×_ÕJãcñ\ÕmÒ_ãFÕ*ÝÓÞÚ¸Ú¸âÔDä.Õ×ÎÐ%×ÎØ.Ö_ÕmÒÎØ.ÐÚÔDÒÐÑiÞ/æÐÓ§ÔUÞÑZÝÕ
áFÕmØZÞ/æDÓ¸ÐÖÎÒyòmé£×_Ø.Õ)ÛÃÞ£Ú¸êºÝÐÑ9×ÎÖ_ÐÚ Ú¸ÕmÖ[Ó¸Ñ9×ÎÕmÖ_ãUÖ_Õm×ÎÒ×_Ø.ÕÓ ÑFÝÐçAÓ ÑUÜ
Þ£×_×_ÖÞÝ×ÞÑZÔÞ/æÐÓÔ>ÒÎÓ ÜÑZÞÚ¸Ò@Þ£Ò@Þ)ãZÐ×_ÕmÑD×_ÓÞ£ÚìZÕmÚÔBé/×ÎØ.ÕmÑÒÎ×_Õmã.Ò
Þ£×HÞ)ãFÐÒ_Ó¸×ÎÓ ÐÑÛ>Ó ×ÎØ.Ó¸Ñ×_Ø.Õ)ÖyÞ£Ñ.ÜÕÐ£Ù.ãZÐÒ_Ò_Ó¸á.Ú¸ÕÙ\Ð9Ð×BãZÐÒ_Ó¸×_Ó¸ÐÑ.Ò
Û>Ó¸×_ØAç%Ó¸Ñ.Ó¸ç	ä.çbìZÕmÚÔAÒ_×ÎÖ_ÕmÑ.Ü×_Ø@ßè>Ø.Õ>ìFÕmÚÔ%ÒÎ×_ÖÎÕmÑ.Ü×ÎØAÙSÐÖ>Þ
ãFÐÒÎÒ_Ó¸á.Ú¸ÕÚ¸Ð.ÝmÞ×ÎÓ ÐÑÐÙ.×_Ø.Õ>ÞÜÕmÑD×BÓ¸ÒHÝÐÑ.Ò_×ÎÖ_äZÝ×ÎÕ*ÔÞÒ[×_Ø.ÕÒ_ä.ç
Ð£ÙºÞá.ÒÎÐÚ¸ä.×_ÕæÞ£Ú¸ä.ÕmÒÐ£ÙºÞÚ¸ÚqÞÑUÜÚ¸Õ%ÞÑZÔ¬ÔDÓ¸Ò_×ÞÑZÝÕAÓ¸Ñ.ã.ä.×ÎÒ=N
Û>Ø.ÓÝÎØã.ÖÎÐæDÓ§ÔªÕmÒÞ>Ò_×ÎÖ_ÕmÒÎÒqæÞ£Ú¸ä.Õ[ÙSÐÖ×_ØUÕqãFÐÒÎÓ ×ÎÓ¸ÐÑ@ß&Ó¸ÒyÝÖ_Õm×ÎÕ
ãFÐÒÎÓ ×ÎÓ¸ÐÑ.ÒkÞ£Ú¸ÐÑ.ÜiÞ¾ã.Ö_Õ*ÔªÕìZÑ.Õ*Ô¬ÑDä.çáFÕmÖÐ£ÙºÞÖyÝÒkÓ¸Ñ4ÙSÖÎÐÑD×
Ð£Ùº×_ØUÕÞÜÕmÑD×®Þ£Ö_ÕNÒyÞ£ç%ã.Ú¸Õ*Ô4Ó¸Ñ~ÐÖyÔDÕmÖ×ÎÐìFÑZÔcÞÒ_ä.Ó¸×Þá.Ú¸Õ
çAÓ ÑUÓ ç	ä.çÀãZÐÒ_Ó¸×_Ó¸ÐÑ[ß
  @7;0;  ;(| H 9
	 B    <  
à&Ú ×ÎØ.ÐäUÜØ×ÎØ.Õ ¡ª£*S£y£ª£y¡9¸_;Dy Ðä.×_Ú¸Ó¸Ñ.Õ*Ô(ÞáFÐæÕ
Ó¸ÒqÔDÕJÒ_Ó¸ÜÑ.Õ/Ô×_Ð	ÝÐÑ.ÑUÕ*Ý×)×_ÐkÞÜÕmÑ.ÕmÖÞÚFÒ_âDçáFÐÚ¸ÓÝÖ_Õ*Þ£Ò_ÐÑ.Ó¸Ñ.Ü
ã.ÖÎÐ.ÝÕmÒ_Ò/éÛ)ÕÝäUÖ_Ö_ÕJÑ9×ÎÚ¸âcÝÐÑD×_ÖÎÐÚ)×_Ø.ÕáFÕmØZÞ/æDÓ¸ÐÖÞÚãUÓ ãFÕmÚ¸Ó¸Ñ.Õ
Û>Ó¸×_Ø¶Þeç%Ð.ÔDÕJÚÐÙiãZÞ£ÖyÞ£Ú Ú¸ÕmÚNÞä.×ÎÐçNÞ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è)å >Õm×>ÒÎØ.Ð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ÛeÐ£Ù ÑDä.çáFÕmÖÎÒl×_ÐAÛÃÞ£×yÝÎØNÙSÐÖºÝÐÑZÔDÓ¸×_Ó¸ÐÑ.Ò>×_ØZÞ£×lÛ>Ó¸Ú¸Ú
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×)×_Ó¸çAÕåÒÎÚ¸Ó§ÝÕmÒq×ÎØ.Õmç¶Ó¸Ñ9×ÎÐ×_ØUÕ
Ð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Ú¸Õß&àPÒ_×ÞÑZÔUÞÖyÔ¾çä.Ò_×
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àÀÖ_Õmã.äUÚ ÒÎÕmÖÕù.ÕmÖÎ×_ÒkÞ®ÙSÐÖÝÕÞ/ÛÃÞ/âAÙSÖÎÐçýÞÑÐáëÕ*Ý×/ßè>Ø.Õmâ
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